Antagonism of pro-inflammatory transcription factors by monomeric glucocorticoid receptor (GR) has long been viewed as central to glucocorticoid (GC) efficacy. However, the mechanisms and targets through which GCs exert therapeutic effects in diseases such as asthma remain incompletely understood. We previously defined a surprising cooperative interaction between GR and NF-B that enhanced expression of A20 (TNFAIP3), a potent inhibitor of NF-B. Here we extend this observation to establish that A20 is required for maximal cytokine repression by GCs. To ascertain the global extent of GR and NF-B cooperation, we determined genome-wide occupancy of GR, the p65 subunit of NF-B, and RNA polymerase II in airway epithelial cells treated with dexamethasone, TNF, or both using chromatin immunoprecipitation followed by deep sequencing. We found that GR recruits p65 to dimeric GR binding sites across the genome and discovered additional regulatory elements in which GR-p65 cooperation augments gene expression. GR targets regulated by this mechanism include key anti-inflammatory and injury response genes such as SERPINA1, which encodes ␣1 antitrypsin, and FOXP4, an inhibitor of mucus production. Although dexamethasone treatment reduced RNA polymerase II occupancy of TNF targets such as IL8 and TNFAIP2, we were unable to correlate specific binding sequences for GR or occupancy patterns with repressive effects on transcription. Our results suggest that cooperative anti-inflammatory gene regulation by GR and p65 contributes to GC efficacy, whereas tethering interactions between GR and p65 are not universally required for GC-based gene repression.
Glucocorticoids (GCs)
are the primary controller therapy for asthma (1) and are also widely used to treat chronic obstruc-tive pulmonary disease (2, 3) . GCs function by binding to the glucocorticoid receptor (GR, NR3C1), a ubiquitously expressed nuclear receptor transcription factor. Upon ligand binding, GR translocates to the nucleus where it regulates transcription (4, 5) . Direct association of GR with DNA through canonical GR binding sites is implicated in transcriptional induction by GCs, whereas interactions between GR and inflammatory transcription factor complexes such as NF-B, in a process that may not require direct association of GR with DNA, has been suggested to result in transcriptional repression (6) . So-called transrepression (i.e. repressive interactions between GR and inflammatory regulators) was long considered to be the primary mechanism through which GR represses inflammation in many cell types (7, 8) . More recent studies, however, have suggested that far greater mechanistic complexity underpins the anti-inflammatory properties of GCs (9, 10) . For example, genomewide analysis of GR interactions with DNA (i.e. chromatin-immunoprecipitation of GR followed by deep sequencing, or ChIP-seq) indicated that interactions between GR and inflammatory transcription factors do not necessarily lead to repressive regulatory outcomes (11) (12) (13) (14) . Moreover, an increasing number of GR-induced genes are now recognized as contributing to inflammatory repression by GCs (15) (16) (17) . It is also clear that GR actions are subordinate to cellular and chromatin context (18 -22) , with wide variations in both GR binding and activity occurring between cell types and as a consequence of exposure to different cytokines and growth factors (12, 23) .
One of the major targets of GCs in obstructive airway diseases such as asthma is the airway epithelium (24) . The airway epithelium engages in complex pathophysiologic cross-talk with immune cells (25, 26) , which are themselves GC targets, and infectious and environmental stimuli (27) (28) (29) , ultimately leading to airway inflammation and symptoms in susceptible patients (30) . It is well established that GCs act via GR in cultured airway epithelial cells to repress inflammatory responses to a range of clinically relevant inflammatory stimuli, including IL1B, TNF, and rhinoviral infection (31, 32) . It has also been shown that GCs directly modify human airway epithelial gene expression in vivo (33, 34) , with GC treatment linked to increased mRNA levels of the canonical GR target FKBP5 and decreased expression of CLCA1, SERPINB2, and POSTN (periostin), whose levels in asthma are correlated with clinical responses to GCs (35) . However, the mechanistic basis for GR-mediated repression of gene expression in airway epi-thelial cells remains incompletely understood, and the relative role of transrepression versus induction of anti-inflammatory genes by GCs in repressing airway inflammation has yet to be established.
To further understand the mechanisms of GR signaling in the airway epithelium, we previously studied the effects of dexamethasone (dex, a potent synthetic GC) on the expression of several pro-and anti-inflammatory targets of TNF signaling in Beas-2B cells (36) , which are an immortalized human bronchial epithelial cell line. We showed that, in comparison to robust repression of cytokine mRNA levels, GCs spare or augment the expression of negative feedback regulators of NF-B, such as TNFAIP3 (frequently referred to as A20). Furthermore, we identified inductive synergy between GR and NF-B at a novel enhancer within the TNFAIP3 locus and proposed a model in which cooperation between GR and NF-B at anti-inflammatory loci is central to the therapeutic effects of GCs. Subsequent studies by other researchers have supported this notion, with co-induction of IRAK3 (frequently referred to as IRAKM) and Sphk1 by GR and inflammatory stimuli linked to anti-inflammatory effects of GCs in various models of lung disease (37, 38) . Thus, cooperative gene induction mediated by convergence of activated GR and inflammatory signals at specific enhancers appears to contribute to the anti-inflammatory properties of GCs. However, the overall pattern of cross-talk between GR and NF-B in airway epithelial cells and whether GR and NF-B cooperate at additional loci to repress inflammation has yet to be established.
In this study we extended our prior work on GR cross-talk with NF-B to determine whether GCs selectively spare or augment the expression of anti-inflammatory targets of TNF in primary human tracheobronchial epithelial cells and whether TNFAIP3 suppresses TLR3-mediated cytokine induction. We applied siRNA knockdown of TNFAIP3 to determine whether this GR-p65 co-regulated target is required for maximal repression of cytokine expression by GCs. Furthermore, we expanded our studies of interactions between GR and NF-B to encompass integrated ChIP-seq studies of GR, the p65 subunit of NF-B, and RNA polymerase II (RNAPII) occupancy in Beas-2B cells. Our results provide a framework for understanding the molecular basis of GC action in the airway epithelium.
Experimental Procedures
Cell Culture and Reagents-With approval from the Institutional Review Board at National Jewish Health, de-identified organ donor lungs deemed unsuitable for transplantation were used as a source for normal human tracheobronchial (i.e. primary airway) epithelial cells, which were obtained as previously described (39) . Thawed airway epithelial cells at passage 1 were cultured and expanded in bronchial epithelial cell growth medium (BEGM) with supplements (Lonza) in 5% CO 2 at 37°C using 60-mm tissue culture dishes coated with collagen until 90% confluence was achieved (40) . Beas-2B cells (ATCC) were cultured in Dulbecco's modified Eagle's medium (DMEM; Corning) containing L-glutamine and 4.5 g/liter glucose and supplemented with 10% fetal bovine serum (Fisher) and 1% penicillin/streptomycin (Corning). Dex (D1756), obtained from Sigma, was dissolved in sterile 100% ethanol and used at a final concentration of 100 nM. Recombinant human tumor necrosis factor-␣ (TNF; PHC3015L), purchased from Life Technologies, was diluted in 1ϫ Dulbecco's phosphate-buffered saline containing 0.2% fetal bovine serum and used at a final concentration of 20 ng/ml. Polyinosine-polycytidylic acid (poly(I:C)) was purchased from Invivogen. Human rhinovirus serotype 1A (HRV-1A; ATCC) was propagated in H1-HeLa cells (CRL-1958; ATCC), purified, and titrated as described previously (41) . Adenoviral expression constructs for TNFAIP3 (Ad-TNFAIP3) and GFP (Ad-GFP as control) have been previously described (36) and were prepared by Welgen. ON-TARGETplus SMARTpool siRNA targeting TNFAIP3 (si-TNFAIP3; L-009919-00-0005), GR (si-NR3C1; L-003424-00-0005), and a non-targeting control (si-Ctrl: D-001810- [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] from Dharmacon were used for TNFAIP3 and GR knockdown studies. Antibodies against TNFAIP3 (ab13597) and ␤-actin (ab75186) were purchased from Abcam. Pan-TEAD antibody (D3F7L, 13295) was obtained from Cell Signaling Technology. Anti-GAPDH antibody (sc-25778) was purchased from Santa Cruz Biotechnology. Secondary antibodies ECL sheep antimouse IgG-HRP (95017-332) and ECL donkey anti-rabbit IgG-HRP (95017-330) were purchased from VWR. Anti-NFKB p65 (C-20, sc-372x) from Santa Cruz Biotechnology, anti-RNA polymerase II (8WG16, 920101) from BioLegend, and anti-GR (IA-1, a generous gift from Dr. Miles Pufall) antibodies were used for chromatin immunoprecipitation (ChIP).
Plasmids-The pFSTL3, pTNFAIP3, and pABR plasmids were generated in the pGL3-Promoter vector. PCR primers were designed to amplify putative GR-p65 cooperative binding regions of FSTL3, TNFAIP3, and ABR identified through the ChIP-Seq data. Amplified PCR product from FSTL3 and TNFAIP3 was introduced into pCR 2.1 TOPO (Life Technologies) and subsequently cloned into the pGL3-Promoter vector using KpnI/BglII. PCR product from ABR was directly cloned into the pGL3-Promoter using NheI/BglII. The cloning primers are provided in supplemental Table S1 . Transfections were performed, and luciferase activity was assayed as previously described (42) .
Adenoviral Transduction-Primary airway epithelial cells at passage 2 were seeded into 12-well culture plates at 1 ϫ 10 5 cells/well. At ϳ80% confluence, cells were infected with Ad-TNFAIP3 or Ad-GFP (control) adenovirus at a multiplicity of infection of 50 for 17 h and then allowed to recover in fresh medium for 30 h. Cells were then treated with poly(I:C) (2.5 g/ml) or infected with HRV-1A (TCID 50 ϭ 10 7 ) for 24 h. After treatment, the cells were harvested with TRIzol for RNA, and changes in gene expression were assayed by qRT-PCR as described previously (42) . The supernatants were assayed for IL8 protein using human IL8 enzyme-linked immunosorbent assay (ELISA) kit (R&D systems).
siRNA Transfection-Beas-2B cells were seeded in 6-well dishes and transfected with si-TNFAIP3 or si-Ctrl using Lipofectamine RNAiMAX (Life Technologies) according to the manufacturer's protocol. Approximately 48 h after transfection cells were treated with vehicle, dex, TNF, or TNF ϩ dex for 4 or 24 h and harvested for RNA and protein. IL8 protein levels in the supernatants from cells treated for 24 h was assayed by ELISA (R&D Systems). For GR knockdown experiments, cells were seeded in 6-well dishes or 10-cm dishes and transfected with si-GR or si-Ctrl. After 48 h, cells in 6-well dishes were treated with vehicle or dex for 4 h and harvested for RNA and protein. Cells in 10-cm dishes were treated for 1 h, and chromatin immunoprecipitation was performed. Knockdown was confirmed using Western blotting.
Western Blotting-Beas-2B cells were lysed with radioimmunoprecipitation assay buffer containing 1ϫ protease inhibitor mixture (Thermo Scientific). Approximately 30 -50 g of total protein were separated by SDS-PAGE and transferred onto PVDF membranes (Immun-blot; Bio-Rad). Membranes were immunoblotted with antibodies against proteins of interest, and bands were visualized using ECL Prime detection system from GE Healthcare.
RNA Preparation and Analysis-Primary Airway epithelial cells at passage 2 were plated on 12-well plates at 1 ϫ 10 5 cells/ well and grown to 80% confluence. Beas-2B cells were plated on 6-well plates at 3.5 ϫ 10 5 cells/well and grown to 90% confluence. Cells were then treated with vehicle, TNF, dex, or TNF ϩ dex for 4 h and then lysed in TRIzol (Life Technologies). RNA was purified using the PureLink RNA Mini kit from Life Technologies. Reverse transcription of RNA, qRT-PCR, and gene expression analyses were performed as previously described (42) . Primers are listed in supplemental ChIP-Beas-2B cells at 100% confluence were treated with vehicle, dex, TNF, or TNF ϩ dex in fresh medium for 1 h. ChIP and qPCR analysis of purified ChIP DNA was performed as previously described except that the chromatin was fragmented at high power for 34 cycles (1 cycle ϭ 30 s on, 30 s off) in a Diagenode Bioruptor. Enrichment of the protein of interest at a putative target region was calculated on a log 2 scale and was determined by comparing the Ct values of the specific target region with the geometric mean of the Ct values of three negative control regions. For the siRNA knockdown ChIP experiments, enrichment was normalized relative to input, as the Ct values for the internal negative control regions were too high to be reliable. All ChIP-qPCR experiments were performed in biological quadruplicate and repeated two or more times. Primers are listed in supplemental Table S1 .
ChIP Sequencing-ChIP-seq and analysis was performed essentially as described (43) . Briefly, a minimum of 1 ng of DNA from ChIP samples was used to prepare libraries (Nugen Ovation Ultralow System V2 1-16 Part no. 0344). Samples were run on an Illumina HiSeq using 1 ϫ 50-bp end reads. FASTQ sequence file quality was assessed (Babraham Bioinformatics). Sequences were mapped to the human genome (hg19) using Bowtie2 (44) . Peak calling was performed using MACS2 software with a narrow peak range set at 300 (45) . Using the HOMER group, peaks were converted to the BigWig format and uploaded into the UCSC Genome Browser using the custom track feature. Custom tracks annotated on the UCSC Genome Browser Feb. 200 (GRCh37/hg19) Assembly are freely available upon request. Using an R implementation, the consis-tency of replicated sample peaks was assessed with the Irreproducible Discovery Rate algorithm (46) . Differential binding analysis was performed using an R Bioconductor package DBChIP (47) and annotated using ChIPseeker (48) . To facilitate comparisons with ChIP-seq data we hope to generate in the future using patient derived airway epithelial cells, only autosomal binding regions were used to define differential binding and subsequent analysis. All ChIP-seq data has been deposited in the Gene Expression Omnibus (GSE79803). An overview of this experiment was previously published in abstract form (49) .
ChIP-seq Quality Control-Standard initial analysis and quality control metrics indicated a base call accuracy Ͼ99.9% for 96% of base reads. The average read number per sample was ϳ30 million, well above the 10-million minimal read number proposed by the ENCODE consortium (50) . R-values between ChIP samples for GR and p65 ChIPs were computed. The technical duplicate samples generally showed high concordance, with r values of ϳ0.9 or greater, exemplified by an r value of 0.95 for the two dex-treated GR ChIP samples. An exception to the robust correlations between technical duplicates occurred with the two TNF-treated p65 ChIP samples (r ϭ 0.82). This was subsequently found to reflect a suboptimal p65 ChIP in one of the two discordant samples; this sample was excluded from subsequent analysis. Thus, a total of 19 samples were used for analysis, with 9 of 10 conditions represented in technical duplicate.
Statistical Considerations and Experimental Uncertainty-Two tailed t tests were performed to compare selected ChIP-qPCR, qRT-PCR, ELISA, and luciferase data with significance level sets at p Ͻ 0.05. As t test performance is sensitive to normality and variance assumptions at the relatively low numbers used for comparisons in this work, results of statistical tests were confirmed with non-parametric tests, which do not require an assumption of normality or equal variance. siRNA knockdown of GR followed by ChIP was performed on quadruplicate samples on two occasions. Luciferase assays were performed on quadruplicate samples on two occasions for the ABR construct; for the TNFAIP3 and FSTL3 constructs, two independent clones of each construct were tested in quadruplicate on two occasions. qPCR analysis of primary airway epithelial cells was performed on quadruplicate samples on two or three occasions. TNFAIP3 knockdown and subsequent qRT-PCR was performed on quadruplicate samples on two occasions after 4 and 24 h of dex treatment. Secreted IL8 levels with siRNA treatment were measured from quadruplicate samples in two independent experiments. ChIP-qPCR validation of ChIP-seq data were performed in quadruplicate on two or three occasions. ChIP-seq was performed and analyzed using duplicate samples, with the exception of the TNF-treated p65 ChIP samples, as described above. qRT-PCR analysis of gene expression responses to dex, TNF, and dex ϩ TNF in Beas-2B cells was performed in quadruplicate on two occasions. In all cases, data between independent replicates of each experiment were qualitatively similar and thus indicative of experimental reproducibility. Error bars in figures represent S.D.
Results

Glucocorticoids Selectively Spare Expression of TNF-induced Anti-inflammatory Targets in Primary Airway Epithelial
Cells-To explore whether GCs differentially regulate pro-and anti-inflammatory targets of TNF in primary airway cells, submerged primary airway epithelial cells were cultured with vehicle, TNF, dex, or a combination of TNF and dex for 4 h or 24 h. Consistent with our previous Beas-2B results (36), induction of pro-inflammatory targets such as IL1B, IL8, and HBEGF by TNF was strongly suppressed by dex co-treatment (left panels, Fig. 1, A and B) , whereas expression of TNFAIP3, TNIP1, and NFKBIA, which are known to exert negative feedback control of inflammation in various contexts, was either spared or enhanced (right panels, Fig. 1, A and B ). The group difference in the effect of dex on the set of proversus anti-inflammatory genes, as assessed using non-parametric rank-sum testing, was highly significant (p Ͻ 0.005). Moreover, adenoviral driven overexpression of TNFAIP3 abrogated the inductive effects of both rhinoviral infection and treatment with poly(I:C), a synthetic TLR3 agonist, on IL1B and IL8 mRNA expression ( Fig.   1C ) and secreted IL8 ( Fig. 1D ). Thus, similar to our previous results in Beas-2B cells, GCs differentially regulate pro-and anti-inflammatory targets of TNF in primary airway epithelial cells, and TNFAIP3 potently suppresses inflammatory cytokine induction.
TNFAIP3 Is Required for Maximal Repression of TNF-induced Pro-inflammatory Targets by Dex-Whereas the effect of TNFAIP3 overexpression on cytokine induction indicates that TNFAIP3 represses inflammatory gene expression, these data do not establish a direct link between TNFAIP3 and the antiinflammatory effects of GCs. Therefore, to determine whether TNFAIP3 contributes to cytokine repression by GCs, we reduced TNFAIP3 protein expression using siRNA-mediated gene knockdown in Beas-2B cells. We selected this cell type for these experiments and for the remainder of this work as Beas-2B cells exhibit patterns of anti-inflammatory gene expression that are similar to primary cells but are more amenable to molecular manipulation. After siRNA transfection with control (si-Ctrl) or anti-TNFAIP3 siRNA (si-TNFAIP3), cells were treated with TNF, dex, or TNF ϩ dex for 4 or 24 h. As shown in Fig. 2 , A and B, in comparison to si-Ctrl, transfection with si-TNFAIP3 led to increased expression of pro-inflammatory genes with TNF treatment (shaded blue versus solid blue bars) and decreased percent repression by dex (solid green versus shaded green bars). The -fold repression (log 2 ) with TNF ϩ dex co-treatment compared with TNF alone for IL8 and IL1A was also significantly less (p Ͻ 0.05) with si-TNFAIP3 versus si-Ctrl at 24 h. Furthermore, dex-mediated repression of secreted IL8 was significantly attenuated by transfection with si-TNFAIP3 in comparison to control (Fig. 2C ). We confirmed by Western blot that si-TNFAIP3 transfection reduced TNFAIP3 protein levels ( Fig. 2D ). Taken together, these data indicate that TNFAIP3 is required for maximal repressive effects of ligand-activated GR on cytokine expression.
Genome-wide Analysis of GR, p65, and RNAPII Occupancy in Beas-2B Cells Using ChIP-Seq-Our data implicate selective regulation of proversus anti-inflammatory targets of TNF by GCs and cooperation between GR and p65 at genes such as TNFAIP3 as important for GC efficacy in the airway epithelium.
We, therefore, sought to determine how GR and the p65 subunit of the NF-B complex interact with DNA on a genomewide basis and how occupancy of these two factors correlates with recruitment of RNAPII at both pro-and anti-inflammatory genes. To accomplish this, we performed ChIP-seq for GR, p65, and RNAPII in Beas-2B cells treated for 1 h with vehicle (GR, p65, RNAPII), dex (GR, RNAPII), TNF (p65, RNAPII), or both dex and TNF (GR, p65, RNAPII). Initial peak calling and quality control are detailed under "Experimental Procedures." Integrated analyses of the resulting datasets are described below.
Recruitment of RNAPII and Binding Site Enrichment Associated with GR Occupancy-Our initial analysis of the biologic implications of these data focused on occupancy of GR after treatment with dex. To identify high confidence peaks where GR occupancy was regulated by dex, we performed differential binding analysis comparing GR peaks within the dex-treatment datasets to vehicle control. With a false discovery rate (FDR) of 0.05 (51), 5612 peaks with differential GR occupancy associated FIGURE 2. TNFAIP3 is required for maximal repression of cytokines by glucocorticoids. A and B, Beas-2B cells were transfected with siRNA against TNFAIP3 (si-TNFAIP3) or control (si-Ctrl) and then treated with TNF, dex, or TNF ϩ dex for 4 or 24 h. Transcript levels of indicated proinflammatory genes were assessed by qRT-PCR and are presented as the mean C T values (ϮS.D.) relative to si-Ctrl ϩ vehicle-treated controls. For a specific gene, 100% repression is defined as TNF ϩ dex treatment resulting in base-line expression levels in comparison to TNF treatment under the same conditions. Percent repression for each assayed gene is indicated in the figure above the TNF ϩ dex columns. C, cells were transfected as described above and treated for 24 h with TNF, dex, or TNF ϩ dex as indicated. IL8 levels in the supernatant were measured using ELISA, and percent repression is indicated. D, Western blots for TNFAIP3 and ␤-actin (loading control) proteins confirming knockdown by si-TNFAIP3 in the experiment described in C. Relative positions of standard weight markers in kilodaltons are as indicated to the right of the blot. Statistical comparisons for each panel are as follows: A and B, *, p Յ 0.05 versus si-Ctrl with TNF ϩ dex treatment for the same gene (shaded green versus solid green bars); C, *, p Յ 0.05 versus si-Ctrl with TNF ϩ dex treatment.
with dex treatment in comparison to vehicle were identified (supplemental Table S2 ) from a total of 60,680 MACS defined GR peaks common to both dex-treated ChIP samples. The distribution of these differentially occupied GR binding peaks with respect to annotated transcriptional start sites is similar to prior reports (13) , with ϳ25% of sites mapping to the promoter or first exon, ϳ30% of sites mapping to the first intron, and ϳ40% of binding sites mapping to intergenic regions.
Based on average read number, Ͼ75% of the set of 5612 high confidence dex-regulated GR binding regions showed dex-induced GR occupancy. This is consistent with the canonical activity of GCs in inducing nuclear localization of GR and subsequent DNA binding (52) . Peaks indicative of non-canonical interactions between GR and DNA in which ligand reduced GR occupancy, a finding of unclear biologic significance that was recently reported by another group (53), were also identified.
We visualized strongly dex-induced peaks in the UCSC genome browser (54) . This was performed in conjunction with the RNAPII occupancy data, in which 1411 peaks were differentially occupied (FDR Ͻ 0.05) by RNAPII with dex in comparison to vehicle (supplemental Table S3 ). This integrated analysis allowed us to unequivocally define genes such as ATP1A and ZNF189 as direct targets of GR (Fig. 3A) . We also confirmed that canonical GR binding sites and target genes, such as FKBP5 and KLF15 (42, 55) , were represented within these data ( Fig.  3B ). Examples of peaks that are present in the absence of dex are also depicted ( Fig. 3C ). siRNA knockdown of GR followed by ChIP-qPCR confirmed that dex-induced peaks within the FKBP5 and KLF15 loci reflect GR occupancy (Fig. 3D ). The GR peak within HHAT that was present in the absence of dex was also modestly reduced by GR knockdown (Fig. 3D ). We conclude that our ChIP-seq data for GR and RNAPII comprehensively delineates genomic sites of GR activity and associated transcriptional consequences in the Beas-2B airway epithelial cell line model. These data are publically available through the GEO repository; custom tracks annotated in the UCSC genome Browser are available upon request.
We next sought to determine whether specific DNA sequences were enriched within the sets of GR genomic binding regions. To accomplish this, we used MEME-ChIP to interrogate 301-base pair regions centered at each of the 5612 dexregulated GR binding regions (56) . This analysis resulted in unbiased identification of a close match for the consensus GR binding sequence (Fig. 3E ). The Centrimo tool within the MEME suite (57) identified central enrichment for matches to the consensus GR binding site within 2837/5612, or 51%, of the sequences, a percentage that is consistent with those from other genome-wide studies of GR occupancy (55) . Central enrichment was also detected for several additional motifs including AP-1 (ϳ38% of sequences), CEBP (ϳ23%), TEAD (ϳ69%; Fig.  3F ), and NFI (ϳ17%; Fig. 3F ) family members. Western blot analysis using a pan-TEAD antibody showed substantial expression of TEAD family members in this cell type (Fig. 3G) , supporting a role in Beas-2B cells for TEAD family cross-talk with GR, as reported in other cell types (58) . The complete MEME-ChIP analysis is available in the supplemental File S1. These data confirm enrichment for the consensus binding sequence for dimeric GR and suggest new potential GR interacting partners within airway epithelial cells.
Integrated Analysis of p65 and RNAPII Occupancy with TNF Treatment-We applied a similar analysis pipeline to the p65 ChIP-seq data. Differential binding analysis comparing TNF treatment to vehicle identified 4863 sites with TNF-regulated p65 occupancy with an FDR of Ͻ 0.05 (supplemental Table S4 ) from a total of 52,501 p65 peaks in the TNF-treated sample. Coordinated visualization of the p65 and RNAPII ChIP-seq data established that genes such as IL8 and CXCL2 are regulated directly by TNF-activated p65 in association with robust recruitment of RNAPII (Fig. 4A ). Targets of NF-B that have been identified in other cell types, such as SERPINE2 and EFNA1 (59, 60) , were also confirmed to be directly regulated by p65 in Beas-2B cells, in concert with RNAPII recruitment (Fig.  4B ). The dataset for differential RNAPII occupancy (542 peaks, FDR Ͻ 0.05) with TNF treatment in comparison to vehicle is available in supplemental Table S5 .
Application of the Centrimo tool within the MEME suite showed central enrichment for matches to the NF-B binding consensus at ϳ62% of sequences. In addition, central enrichment for other transcription factor families, including ETS-like factor binding sites (51%) and TEAD family members (19%), were identified within the set of p65 binding regions. The complete file generated by MEME-ChIP for this dataset is available in supplemental File S2. Thus, similar to our results for GR, the ChIP-seq data for p65 and RNAPII with TNF treatment provides a genome-wide map of sites of p65 action and identifies potential interactions between p65 and other transcription factor families in airway epithelial cells.
GR Occupancy Patterns and Repression of TNF Target Genes-We next focused on analyzing cross-talk between TNF and GC signaling, which was a primary goal of the ChIP-seq experiment. Similar to the above analysis for the individual GRdex and p65-TNF datasets, we utilized a combination of genome-wide differential binding analysis and visualization of individual loci regulated by GR and p65 within the UCSC genome browser. Differential binding analysis for GR comparing dex treatment alone with TNF ϩ dex co-treatment identified 831 sites (FDR Ͻ 0.05) with differential GR binding between the two conditions (supplemental Table S6 ). This indicates that a comparatively small fraction (Ͻ20%) of the ϳ5600 dex-regulated sites of GR occupancy (FDR Ͻ 0.05) was altered significantly by TNF co-treatment. Whereas this is consistent with the high r values (ϳ0.92) we calculated between the dex and TNF ϩ dex GR ChIP-seq datasets, these data strongly suggest that TNF-mediated redirection of GR binding, as would be expected with tethering interactions between genomic p65 and GR, is not a dominant determinant of GR occupancy in the setting of dex ϩ TNF co-treatment. Furthermore, Ͼ 1 ⁄ 3 of the GR binding regions whose occupancy was increased with TNF had significant occupancy (i.e. Ͼ15 sequence reads; data are shown in supplemental Table S6 ) with dex treatment alone, indicating that locus-specific features mediate GR occupancy in these regions, in addition to any potential contribution of GR-p65 tethering. We also observed surprising heterogeneity of GR and p65 occupancy patterns at loci in which dex treatment resulted in reduced recruitment of RNAPII by TNF, as illustrated in Fig. 5 . Specifically, at the ICAM1 locus, GR occupancy was only detected with dex ϩ TNF co-treatment and mapped to the same genomic location as a strong p65 peak (Fig.  5A) . In contrast, at the IL1A and CCL2 loci, although GR occupancy was again highest with TNF ϩ dex co-treatment and mapped to a region of TNF-induced p65 occupancy, significant GR binding within the IL1A and CCL2 loci was present with dex treatment alone (Fig. 5B) . A third pattern occurred at the TNFAIP2 locus in which, despite a substantial decrease in TNFinduced RNAPII occupancy with dex treatment, no appreciable change in GR binding with dex ϩ TNF in comparison to dex or vehicle alone was observed (Fig. 5C ). The SERPINB2 locus, which is repressed by GCs in human airways clinically (34), exhibited a pattern that was similar to TNFAIP2 (data not A, example of a gene at which GR occupancy was detected only with TNF ϩ dex co-treatment. B, genes like IL1A (left) and CCL2 (right) exhibited significant GR binding with dex alone that was further enhanced by TNF ϩ dex co-treatment. C, in contrast to A and B, TNFAIP2 exemplifies genes showing substantial reductions in TNF-induced RNAPII recruitment with dex co-treatment but no notable difference in GR binding between vehicle (veh)-, dex-, or TNF ϩ dex-treated samples. D, independent validation of the GR, p65, and RNAPII binding patterns described in A-C using ChIP-qPCR. Bars represent the mean (ϮS.D.) relative factor occupancy on a log 2 scale, determined by comparing C T values at the target region to the geometric mean of C T values at three negative control regions.
shown). Taken together, the complexity of GR-p65 occupancy patterns associated with GC-mediated transcriptional repression is incompatible with simple tethering models.
We noticed that there was detectable GR occupancy with vehicle treatment alone at putative tethering sites within the ICAM1 and CCL2 loci where GR occupancy with TNF ϩ dex treatment was higher than GR occupancy with dex treatment alone ( Fig. 5 ). Furthermore in our previous work, TNF treatment resulted in significant GR recruitment to chromatin at the IL1B locus in the absence of dex (36) . These data suggest that recruitment of GR to sites of p65 occupancy may not require exogenous ligand but instead may be due to effects of TNF alone. We, therefore, used ChIP-qPCR to evaluate GR occupancy at sites within the ICAM1, CCL2, and IL1A loci after TNF treatment in comparison to treatment with TNF ϩ dex. At the same time we validated the GR, p65, and RNAPII ChIP-seq data for these loci using ChIP-qPCR on independent samples (Fig.  5D ). The resultant data generally mirrored the peak intensities we observed in the ChIP-seq datasets. In addition, TNF treatment increased GR occupancy at these loci in the absence of exogenous ligand. These results provide further evidence that treatment with dex mediates repression through mechanisms that are not necessarily associated with changes in GR occupancy at repressed loci.
p65 Is Recruited to Binding Sites for Dimeric GR-In contrast to the relatively modest effects of TNF treatment on GR occupancy (831 differentially occupied peaks of ϳ5600 dex-regulated GR peaks), differential binding analysis of p65 occupancy with TNF ϩ dex co-treatment compared with TNF alone identified 3597 peaks that were differentially occupied by p65 (FDR Ͻ 0.05) between the two conditions (supplemental Table  S7 ). Thus, in comparison to the effect of TNF on GR occupancy, ligand-activated GR appears to alter p65 occupancy at both a larger percentage of binding peaks and in association with many more unique genes IDs (Fig. 6A ; note that many genes contain multiple binding peaks, so the number of gene IDs depicted by the Venn diagrams are less than the total number of peaks). Although many of the p65 binding regions in which occupancy differed with TNF ϩ dex co-treatment in comparison to TNF alone had relatively low read numbers, 1083 differentially bound p65 peaks were identified after filtering for sites with higher occupancy (i.e. Ͼ15 reads per peak). Of these binding regions, p65 occupancy was increased by TNF ϩ dex treatment in comparison to TNF alone at 658 peaks and decreased at 425 peaks, with 400 peaks having a 4-fold or greater increase in occupancy with dex and 241 peaks exhibiting a 4-fold or greater reduction in occupancy when dex was combined with TNF. The set of sites in which p65 occupancy was enhanced by dex were evenly associated with generally modest increases and decreases in local RNAPII occupancy with dex ϩ TNF treatment in comparison to TNF alone, whereas sites in which p65 occupancy was reduced with dex treatment were almost universally associated with reductions in RNAPII occupancy in comparison to TNF treatment (Fig. 6B) . Thus, activation of GR signaling substantially modifies the p65 cistrome in association with both increases and decreases in RNAPII occupancy.
Whether GR interactions with p65 are associated with canonical binding sites for dimeric GR or with a distinct class of sequences termed negative glucocorticoid response elements (GREs) is controversial. Therefore, we determined whether there was enrichment for dimeric GR binding sequences within p65 binding regions in which p65 occupancy was altered with dex treatment. To accomplish this, we used a position weight matrix for interactions between dimeric GR and DNA that we previously created and validated (43) , in conjunction with the Patser program, which employs position weight matrices to estimate maximal binding site energies for transcription factors within specific DNA sequences (61). This system was applied to identify the maximal predicted binding affinity for dimeric GR within 301-bp fragments centered on p65 binding peaks that exhibited a 4-fold or greater increase in read numbers when dex was added to TNF treatment and a minimum of 15 reads (total of 400 sequences, supplemental Table S8 ). In addition, we calculated the maximal GR binding affinity within each of the p65 binding regions with 25% or less occupancy with dex ϩ TNF treatment compared with TNF alone (total of 241 sequences with a 15-read minimum with TNF treatment; supplemental Table S9 ). For comparison, we also determined the peak predicted affinity for GR within 1) each of the GR binding regions that exhibited greater occupancy with TNF ϩ dex in comparison to dex alone, 2) each of the dex-regulated GR binding regions with sequence reads of 15 or greater, and 3) within each of the 400 sequences with dex-enhanced p65 binding after subjecting them to random shuffling (a control). Remarkably, as shown in Fig. 6C , the predicted maximal GR binding affinities within p65 binding regions that show increased p65 occupancy with dex ϩ TNF in comparison to TNF are substantially greater than predicted affinities within dex-induced GR binding peaks (Fig. 6C, compare black and green lines) . Moreover, the average GR occupancy (based on ChIP-seq counts) within these 400 p65 binding regions sequences with dex treatment alone was ϳ220, versus a mean GR occupancy of 12 with vehicle alone. This strongly implicates dex-regulated dimeric GR as contributing to increased p65 occupancy at numerous loci across the genome.
In contrast to these findings for sites in which dex treatment enhanced p65 occupancy, GR binding affinity within regions in which p65 occupancy was reduced by dex ( Fig. 6C, red line) had an almost indistinguishable distribution from shuffled DNA (Fig. 6C, blue line) . MEME-ChIP analysis also failed to reveal enrichment for GR binding motifs or so called negative GREs (supplemental File S3) within sites in which dex treatment reduced p65 occupancy. Moreover, average GR occupancy within these p65 binding regions was not substantially increased with TNF ϩ dex (average of 12 reads) or dex treatment (average of 10 reads) relative to vehicle treatment (aver-age of 19 reads). Taken together, these results established a clear role for ligand-induced dimeric GR in enhancing p65 occupancy, whereas sites in which dex treatment resulted in reductions in p65 binding and RNAPII recruitment did not appear to require ligand-induced GR occupancy nor the presence of recognized binding sites for GR.
Novel Targets of Cooperation between GR and p65-We had previously defined cooperative regulation by p65 and GR of the anti-inflammatory gene, TNFAIP3, through an intronic response element containing binding sites for dimeric GR and p65. Moreover, our ChIP-seq data identified a second region upstream of TNFAIP3 with reciprocal robustly enhanced recruitment of GR by TNF and p65 by dex (Fig. 7A) . The patterns of occupancy for these TNFAIP3-associated regulatory elements contrasts factor binding at repressed pro-inflammatory genes, such as ICAM1 and CCL2, in which p65 and RNAPII occupancy was significantly curtailed by dex. Accordingly, we hypothesized that sites in which RNAPII occupancy was enhanced by dex ϩ TNF co-treatment in comparison to treatment with TNF or dex alone may tag novel targets of GR-p65 cooperation that potentially contribute to inflammatory resolution and injury repair in the airway. To test this hypothesis, we performed differential binding analysis for RNAPII occupancy after TNF ϩ dex treatment in comparison to vehicle (supplemental Table S10 ). Of 4460 differentially occupied sites (FDR Ͻ 0.05), which encompass both non-coding regulatory regions and coding regions, 1162 (26%) exhibited maximal average occupancy with TNF ϩ dex as opposed to either treatment alone. This suggests that enhanced RNAPII occupancy is an important regulatory outcome of GR and p65 cross-talk.
To determine whether enhanced RNAPII occupancy with TNF ϩ dex in comparison to TNF or dex alone was associated with potentially beneficial gene expression responses to GCs, we used the UCSC genome browser to visualize loci with evidence of likely GR-p65 cooperation based on occupancy patterns for RNAPII, GR, and p65. Whereas occupied sites could not always be clearly linked to cooperative regulatory responses within coding regions, we nevertheless identified a set of regulatory elements that appear to control the expression of novel anti-inflammatory targets of GR-p65 cooperation. Included in this set were: SERPINA1 (Fig. 7A) , the gene that encodes for ␣1 antitrypsin, a major genetic cause of emphysema in humans (62); EDN2, whose disruption causes emphysema in mice (63); SOD2, which protects the airway epithelium from oxidative damage (64, 65) ; SERPINA3, which encodes the ␣1 anti-chymotrypsin gene, a potent inhibitor of mast cell proteases that is implicated in asthma pathogenesis (66, 67) ; FOXP4, which represses goblet cell differentiation and mucus secretion (68); and ABR (Fig. 7A) , a RAC inhibitor whose deficiency worsens airway hyperresponsiveness and inflammation in murine allergic asthma models (69) . Cooperative regulation of TNFAIP3 and IRAK3 was also reconfirmed, and several genes with less well described biologic functions, such as FSTL3 (Fig. 7A) , DENND3, and GRAMD3, were also identified as controlled through a GR-p65 cooperative regulatory regime.
To provide additional validation that expression of ABR and SERPINA3 is controlled by cooperative interactions between GR and p65, we performed ChIP-qPCR validation of the ChIP-seq findings for ABR and SERPINA3, which confirmed that GR, p65, and RNAPII recruitment was equal to or maximal with combined TNF ϩ dex treatment in comparison to either agent alone (Fig. 7B ). We also cloned the presumptive cooperative GR-p65 binding regions within ABR, FSTL3, and the novel distal element for TNFAIP3 into the pGL3-Promoter vector. These three potential GR-p65 response elements each contain at least one match for the consensus binding sequences for both GR and p65 (supplemental Fig. S1 ). The resultant reporters were transfected into Beas-2B cells, which were subsequently treated with TNF, dex, or TNF ϩ dex and harvested for luciferase assays. For each reporter, we found that combined treatment with TNF ϩ dex resulted in higher luciferase activity than treatment with either dex or TNF alone (Fig. 7C) , with the FSTL3 response element exhibiting particularly robust synergistic induction. We also used qRT-PCR to verify that increased RNAPII occupancy with TNF ϩ dex co-treatment in comparison to dex or TNF alone was reflective of the expression levels for ABR, FSTL3, SERPINA1, SERPINA3, SOD2, and FOXP4 under these treatment conditions. As shown in Fig. 7D , the mRNA levels for each of these genes were maximal with TNF ϩ dex co-treatment. Taken together, these data suggest that cooperation between GR and p65 increases the expression of numerous genes linked to repressing airway epithelial inflammation and lung disease.
Discussion
Whereas the classical notion that GCs exert therapeutic effects by causing monomeric GR to repress inflammatory transcription factors through physical tethering is now generally recognized as inadequate (9) , substantial questions regarding mechanism of inflammatory repression by GCs remain unanswered. Here, in airway epithelial cells, we have shown that a subset of interactions between GR and p65 result in enhanced p65 occupancy and/or RNAPII recruitment, frequently in association with binding sites that are energetically favorable for interactions with dimeric GR. Moreover, cooperative interactions between GR and p65 appear to maintain or augment the expression of a number of genes with known or likely anti-inflammatory properties in the lung, including SER-PINA1, SERPINA3, FOXP4, ABR, and SOD2, in addition to A20/TNFAIP3, which we demonstrate is required for full suppressive function of GCs. We also uncovered GC-mediated repression of TNF-induced loci, such as TNFAIP2, in which no substantial changes in GR occupancy were observed with either TNF ϩ dex co-treatment or dex treatment alone in comparison to vehicle, indicating that cis-acting ligand-induced GR occupancy is not a universal requirement for significant reductions in RNAPII and p65 occupancy. Taken together, our data support a model in which cooperative regulation of anti-inflammatory genes by GR and p65 is a major mechanism underlying the therapeutic effects of GCs in the airway.
Interactions between GCs and inflammatory stimuli have been previously studied on a genome-wide basis in other cell types (70) , including at least two publications on overlap between the GR and p65 cistromes that identified various possible regulatory consequences of GR-p65 interactions (12, 13) . However, these prior studies did not specifically recognize cooperative regulation of anti-inflammatory targets by GR and p65 as a potential mechanism underlying the therapeutic effect of GCs. Instead, several studies, including our own publication on regulation of TNFAIP3 by GR and p65 and subsequent work by other groups on Sphk1 and IRAK3 (37, 38) , have established that this principal applies on a case-by-case basis to these individual genes. In the work presented here, we have extended these findings using genome-wide methodology to identify numerous additional genes that are regulated through this paradigm. Furthermore, we have verified GR-p65 cooperation by reporter assays at three previously uncharacterized response elements. We have also provided evidence for widespread recruitment of RNAPII by dimeric GR and p65, which thus appears to be a major regulatory outcome for interactions between these two factors. Although the role of the newly defined targets of GR-p65 cooperation in mediating the therapeutic effects of GCs in airway-centered diseases remains to be experimentally confirmed, the established GC-independent functions of the genes highlighted in Fig. 7 strongly implicate GR-p65 cooperation as an important mechanism underlying GC efficacy.
The complexity of regulatory outcomes and downstream transcription factor occupancy patterns associated with simultaneous activation of TNF and GC signaling may serve to obfuscate potential sites of GR-p65 cooperation. For example, in addition to the cooperative intronic response element within TNFAIP3 we defined previously and the new upstream element highlighted in this work, the TNFAIP3 locus contains several p65 binding regions that did not appear to be targets of GR-p65 cooperation, as dex treatment resulted in reduced p65 occupancy at these sites (see Fig. 7 ). The activity of these p65 response elements that did not cooperate with GR were likely repressed through the effects of TNFAIP3 itself, with additional negative regulators of NF-B that were induced by GCs, such as NFKBIA and DUSP1 (71) (72) (73) , potentially playing a similar repressive role. Thus, enhancers subject to GR-p65 cooperation may only serve to maintain or limit dex-mediated reductions in RNAPII occupancy at loci that are regulated through multiple p65 binding regions. Defining regulatory outcomes of co-occupied elements simply based on gross changes in RNAPII occupancy within the closest linked coding region, an approach used in other cistrome-based studies of GR (13) , is therefore unlikely to correctly assign the regulatory contribution of specific GR-p65 response elements. Local transcription measured by GRO-seq at enhancers may be a more sensitive way to determine specifically whether an enhancer is co-induced by GR and NF-B (74, 75) .
Controversy exists regarding the role of specific sequences in contributing to GR-mediated repression. For example, it has been argued that GR is capable of binding so-called negative glucocorticoid response elements that mediate gene repression (76) . Others, however, have found no evidence for negative GREs and suggest instead that repression can occur through standard dimeric GR binding sites (12) . It has also recently been argued that under physiologic levels of hormone, GR binds to potentially activating "half-sites" near inflammatory genes as a monomer, with exogenous ligand causing evacuation of these sites and redistribution of RNAPII to targets of dimeric GR-mediated gene induction, resulting indirectly in repression through competition for both GR and RNAPII (53) . Our data, however, do not provide strong support for any of these models serving as a unifying basis for GR-mediated repression. None of the data sets we interrogated with MEME-ChIP showed enrichment for negative GREs. Similarly, we found minimal evidence for dimeric GR binding sites within either the set of p65 binding regions in which dex treatment reduced occupancy nor within the set of GR binding regions in which TNF treatment enhanced GR binding. We also observed a range of possible occupancy patterns for GR in association with dex-repressed genes, including no obvious changes in GR occupancy between vehicle, dex, and dex ϩ TNF treatment at the TNFAIP2 locus despite marked decreases in RNAPII occupancy with dex ϩ TNF in comparison to TNF treatment. This alteration in RNA-PII levels within the TNFAIP2 coding region is unlikely to be secondary to dex-activated GR recruiting limiting amounts of RNAPII to other genomic regions, as many genes showed no change in RNAPII levels after dex treatment. Based on the GR binding pattern, we cannot exclude the possibility that repression of TNFAIP2 is due entirely to the activity of genes that are induced by GR, such as TNFAIP3/A20. Moreover, as ICAM1 and CCL2 exhibited declines in RNAPII that were comparable with those we observed at TNFAIP2, the association between repression and GR occupancy at these loci in airway epithelial cells is not entirely clear. Rather than active recruitment of repressors, it is conceivable that a primary role for GR in these regions is to increase the on/off rate and disassembly of p65containing activating complexes (77) . Support for this versus other models of GR activity within promoter-proximal p65occupied regions will require additional experimentation.
What is the significance of GR occupancy under basal conditions (i.e. occupancy in the absence of supplemental dex treatment)? We previously attributed this phenomenon, which has been observed in earlier studies by us and other groups (36, 53, 55, 78, 79) , to the activity of glucocorticoid-like molecules presumed to be present at low levels within the culture medium. However, several aspects of our ChIP-seq data are incompatible with this notion. First, there was little to no GR occupancy detected under basal culture conditions at binding sites within the KLF15 (Fig. 3B ) and PER1 loci, which others have shown are robustly occupied by GR after exposure to low nanomolar concentrations of supplemental ligand (80) . Second, whereas GR occupancy was markedly reduced at some sites after dex treatment, other sites had dramatically increased occupancy, and still other regions exhibited minimal changes with the addition of supplemental ligand (see Figs. 3C and 5 , A-C). Thus, dex treatment does not simply increase occupancy engendered by possible glucocorticoid-like molecules in the culture medium but instead induces qualitatively different interactions between GR and chromatin. We envision three remaining possible explanations. First, although GR knockdown resulted in a ϳ50% reduction in GR occupancy within HHAT (Fig. 3D ), which exhibited a robust GR peak in the absence of dex (Fig. 3C) , it remains theoretically possible that our vehicle treatment ChIP data reflects interactions between the GR antibody we used and a non-GR protein. Alternatively, a ligand that, in comparison to dex and other synthetic GR agonists, confers markedly distinct biologic properties to GR could be present in the medium. A third explanation is that Beas-2B cells may, as a result of alternate splicing or post-translational modification, harbor at least two species of GR with different biochemical characteristics. Stochastic alternate folding could also result in multiple GR protein moieties, some of which may be incompatible with the formation of apoGR, the canonical unliganded GR species that is retained in the cytoplasm through interactions with chaperones such as HSP90 in the absence of hormone (77) . We are in the process of testing each of these not necessarily mutually exclusive possibilities experimentally. The biologic consequences of presumptive GR occupancy in the absence of supplemental ligand also remain to be determined.
Although they have been in clinical use for Ͼ50 years, GCs are still by far the most effective drug class for treating many inflammatory diseases. As such, the mechanisms through which they exert their potent therapeutic effects are likely to represent novel pharmacologic targets and encompass pathways whose disruption engenders resistance to GC-based therapies, which complicates subsets of most generally GC-responsive diseases. In this work we have presented strong evidence that cooperative regulation of negative feedback control of inflammation by GR and p65 is a key mechanistic underpinning of therapeutic responses to GCs in airway epithelial cells. A logical extension of our data is that cooperation with other transcription factors, such as STAT family members, may contribute to GC efficacy in other inflammatory contexts. In that regard, reminiscent of our results for cistrome-based interactions between GR and p65, STAT3 engages in complex crosstalk with GR that is incompatible with a simple tethering-based trans-repression model (11) . Moreover, our ChIP-seq data (supplemental Tables S2 and S3 ) revealed robust recruitment of GR and RNAPII to the PTPN1 locus. PTPN1 is a direct target of the STAT family that represses STAT-dependent responses to cytokines, including the asthma-associated cytokine, IL4 (11, 81) . We thus speculate that GR cooperatively regulates negative feedback responses to diverse inflammatory signals, providing a general mechanistic explanation for the broad potency of GCbased therapies in treating a multitude of immune-mediated diseases.
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